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GC content of small RNA-generating sites and their ﬂanking sequences in Arabidopsis thaliana and
rice was systematically analyzed in silico. High GC content ﬂuctuation (GCF) is observed at the bor-
ders of sRNA sites, while the GCF within sRNA sites is low. Furthermore, the GC content along
sequences of some miniature inverted-repeat transposable element (MITE) families coincides with
the abundance of MITE-derived small RNAs. The GCF within tasiRNA clusters is negatively correlated
with its phasing score. We conclude that high GC content and low GCF could increase the expression
of small RNA. Our results provide further insights on small RNA expression, which may be applied to
improve the silencing efﬁciency of RNAi and virus-induced gene silencing.
 2014 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Small RNAs are critical regulatory molecules for gene expres-
sion at the transcriptional or post-transcriptional level in eukary-
otes. Several protein families involve in the biogenesis and
function of small RNAs. In these pathways, DNA-dependent RNA
polymerases, Dicer-like proteins (DCL), RNA-dependent RNA poly-
merases (RDR) and Argonaute proteins (AGO) play central roles [1].
In general, small RNAs are derived from hairpin-shaped single
stranded RNA (ssRNA) or double stranded RNA (dsRNA) precursors,
which are cleaved by DCLs into 20–24 nt duplexes and then the
guide strand is loaded into AGOs to suppress target genes. Plants
have experienced ampliﬁcations and diversiﬁcation of those small
RNA related proteins, and consequently have more complicated
small RNA biogenesis pathways than ﬂies and animals [2,3]. The
availability of a large complex small RNA population from plant
genomes provides ideal materials for the study of small RNA bio-
genesis [4].
Based on their distinct biogenesis mechanisms, plant small
RNAs are classiﬁed into microRNAs (miRNA) and siRNAs. miRNAs
are generated from single-strand hairpin RNAs which are precisely
processed and generate only a few functional small RNAs. In con-
trast, the precursors of siRNAs are dsRNAs, from which many dis-
tinct siRNA molecules are produced. siRNAs can be further
grouped into trans-acting siRNAs (tasiRNA), natural antisensetranscripts-derived siRNAs (natsiRNA) and repeat-associated siR-
NAs (rasiRNA), etc. [5–8]. TasiRNAs are triggered by 22 nt miRNAs
and are processed in a phased fashion, separated by 21-nucleotides
[9]. NatsiRNAs are derived from hybridized cis/trans natural anti-
sense transcripts which are semi-precisely processed, while long
dsRNA precursors of rasiRNA are generated from repeat locus
and are semi-randomly excised (Wang et al. 2011).
Small RNAs are regulated by a highly coordinated and complex
network of events. Both transcriptional control and post-transcrip-
tional controls determine the abundance, stability and function of
small RNAs [10–12]. One of such regulations is through GC content
of small RNAs and their precursors. Different plant DCL proteins
may have different GC preference [13]. The mature miRNAs display
relative higher GC content than their precursors but lower GC con-
tent than mRNAs, tRNAs and rRNAs [14]. The loop-distal regions of
miRNA foldback, which have relatively weak base pairing, were
thought to be important for DCL recognition [15]. Functional small
RNA duplexes are AU-rich at the 50 end of the antisense/guide
strand and the functional 21 nt miRNAs and siRNAs exhibit over-
represented U at start, A at position 10 and C at position 19, which
are associated with the loading of small RNAs by AGOs [16].
Though GC content of genome or genes has been well studied, gen-
ome-scale GC content analysis of around small RNA sites is less re-
ported. In this study, GC content of small RNA-generating sites and
their ﬂanking sequences in Arabidopsis thaliana and rice was ana-
lyzed systematically analyzed in silico. It reveals signiﬁcant correla-
tion between GC content and small RNA expression in plant
genomes.
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2.1. Mapping and annotation of small RNAs
Small RNA sequences of A. thaliana (downloaded from http://
mpss.udel.edu/at_sbs/) and rice (downloaded from http://www.
ncbi.nlm.nih.gov, GSE32973) were mapped to the corresponding
genome (A. thaliana: http://www.arabidopsis.org/, TAIR10; rice:
http://rice.plantbiology.msu.edu/, MSU7.0) using bowtie. Small
RNAs were also mapped to gene transcripts to identify potential
natsiRNAs and analyze the GC content of sRNA-generating tran-
scripts. Reads perfectly matching the genome, excluding t/r/sn/
sno RNAs, were used for further analysis. The normalized abun-
dance of each sequence in a library was calculated according to
the formula normalized abundance ðTPM; tag per millionÞ ¼
raw abundance1;000;000
total genome matcht=r=sn=snoRNA [17]. All small RNAs mapping to the gen-
ome/transcripts placed into margin-deﬁned groups of small RNAs
[18]. A region with overlapping sRNAs is deﬁned as a sRNA site
in this study. If the length of a sRNA site is larger than 100 bp, it
is considered as continuous sRNA-generating region. If the distance
of two sRNA sites is less than 100 bp (a stretch of sequences does
not generate sRNAs), they were merged into a sRNA cluster and
the length of the cluster must be longer than 300 bp (Fig. 1A).
sRNAs were considered as miRNAs if they match a miRNA se-
quence in miRNA database (http://www.mirbase.org/), as natisR-
NAs if they overlap with previous annotated cis/trans natural
antisense transcript duplexes [19], or as rasiRNAs if they overlap
with annotated repeat sequences. MiRNA targets data were ob-
tained from previous work [20,21]. Small RNAs of ﬂowers were
used to analyze tasiRNAs since tasiRNAs are the most abundant
in ﬂower [22]. Phasing score (P-score), which describes the extent
of the 21-nt periodicity of sRNAs in a sequence, is used to deﬁneFig. 1. Deﬁnation of sRNA sites/clusters and calculation of GC ﬂuctuation. (A) A region w
sites is less than 100 bp, they were merged into a sRNA cluster. (B) Calculation of GCF at b
sliding a sequence; i is the relative position of a sequence from start; and n is the numba phased RNA cluster. To calculate the P-score for a certain position
(nucleotide) in a sequence, the nucleotide and its 209 downstream
nucleotides are divided into 10 continuous 21-nt sequences. The
P-score of that position was calculated as described previously:
P-score ¼ ln 1þ 10
P10
i¼1Pi
1þ
P
U
 n2" #
;n > 3, where n is the total
number of unique sRNAs matching one of the ten 21-nt sequences;
P is the total number of reads of sRNA matching any of the ten 21-
nt sequences; U is the total number of reads of sRNAs that have
perfect match with a region of the 210-nt sequence other than
the ten 21-nt sequences. The position (nucleotide) in a sequence
is considered to be phased if it has P-score > 20. All sRNAs matching
the aforementioned ten 21-nt sequences are considered as tasiR-
NAs. The region covering continuous tasiRNAs is considered as a
tasiRNA cluster [22,23].
2.2. Calculation of GC ﬂuctuation (GCF) and data analyses
To minimize the effects of artifacts of sRNAs on data analysis,
only sRNAs with TPM > 5 were used to calculate GC content around
sRNA sites. The GCF at the border of an element (such as exon, miR-
NA, or random genomic sequence) is deﬁned as the GC content of
the 20 nt terminal sequences of the element subtracting the GC
content of the 20 nt sequences immediately ﬂanking the element.
Each element has two GCFs, one for each terminal. The GCF within
a sequence (GCF⁄) was calculated using formula GCF ¼Pðn2Þwþ1
i¼1 GC i;i1þw½ GC iþw;i1þ2w½ j j
n1 ; i ¼ 1;1þw;1þ 2w;    ;1þ ðn 2Þw,
where w is the size and step of a window sliding the sequence and
w = 20 is used in this study; i is the relative position of the sequence
from start; n is the number of windows in the sequence (Fig. 1B). A
series of Perl scripts were written to calculate the GC content andith overlapping sRNAs is deﬁned as a sRNA site. If the distance between two sRNA
orders of sRNA sites and GCF⁄ along sRNA clusters. w is the size and step of a window
er of windows in the sequence.
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ysis were done using R package (http://www.r-project.org/).
3. Results
3.1. Sharp change of GC content at the borders of small
RNA-generating sites
Small RNA sequences of A. thaliana and rice from different li-
braries were mapped to corresponding genomes and annotated
transcripts. A group of small RNAs overlapping with each other
were referred to as a sRNA site in this paper. A total of 607,057
and 2,397,262 sRNA sites were identiﬁed from A. thaliana and rice,
respectively. In both species (all analysis and conclusions below
apply to both species unless otherwise indicated), the GC content
of sRNA sites and their ﬂanking regions was calculated. At the gen-
ome-scale, the GC content in sRNA sites (A. thaliana: 0.41; rice:
0.51) is signiﬁcantly higher than genome-wide average (A. thali-
ana: 0.36; rice: 0.44) (t-test, P < 2.2  1016), while the GC content
of their ﬂanking sequences (A. thaliana: 0.34; rice: 0.42) is signiﬁ-
cantly lower than genome-wide average (t-test, P < 2.2  1016).
When transcript sequences (rather than the whole genome) are
considered only, the GC content in sRNA sites is also signiﬁcantly
higher than their ﬂanking sequences (t-test, P < 2.2  1016). Inter-
estingly, a signiﬁcant drop of GC content was observed in sRNA
sites at the position 20 nt away from their terminals (Fig. 2).Fig. 2. Consensus proﬁle of GC content around sRNA sites. ((A) sRNA sites in genome of A
(D) sRNA sites in transcripts of rice). The solid line represents the average GC content ar
sequences from genome. ‘‘0’’ in the X axis represents the border between small RNAs and
border while positive numbers represent the distance of their ﬂanking sequences away
thaliana and rice, respectively, while the GC content of their ﬂanking sequences is lower
away from the sRNA sites.The change of GC content was also observed at the borders of
genes and other functional elements [24]. In order to compare
the GC content change at the sRNA sites with that of other func-
tional elements, the GC content ﬂuctuation (GCF) around the sites
of transcription start/end, exon/intron conjunctions, borders of t/r/
sn/sno RNAs and random genomic sequences was calculated. The
GCF at the border of an element is deﬁned as the GC content of
the 20 nt terminal sequences of an element subtracting the GC con-
tent of the 20 nt sequences immediately ﬂanking the element. The
GCF at the borders of small RNA-generating sites is signiﬁcantly
higher than that of random sites of genomes or transcripts, but
lower than that at the exon/intron conjunctions and at the borders
of t/r/sn/snoRNAs (Table 1; t-test, P < 2.2  1016). To compare the
GCF of different types of sRNAs, GCF was calculated for repeat-
associated sRNAs, microRNAs and nat-siRNAs. The GCF at the bor-
ders of all types of sRNA sites is signiﬁcantly higher than that at
random genome sites (Table 1; t-test, P < 2.2  1016), indicating
that the GCF at the borders is an important genomic character of
sRNA sites.
3.2. GC Content accounts for variation of sRNA abundance along
miniature inverted-repeat transposable element (MITE) sequences
If two sRNA sites (see above) are fewer than 100 bp apart on
chromosome, they are considered to be from the same sRNA clus-
ter. Small RNAs from a sRNA cluster are very likely derived from. thaliana. (B) sRNA sites in transcripts of A. thaliana. (C) sRNA sites in genome of rice.
ound sRNA sites while the dotted line represents the average GC content of random
their ﬂanking sequence. Negative numbers are distance in sRNA sites away from the
from the border. The GC content of small RNAs is higher than genome average in A.
than genome average. Negative spikes of GC content were observed at the 20 nt
Table 1
GC ﬂuctuations (GCF) at the borders of different genomic elements.
Genomic elements Total number of different sites GCF ± SE (%)
A. thaliana Rice A. thaliana Rice
sRNA sites of genomes 607,057 2,397,262 3.395 ± 0.012 4.328 ± 0.007
Repeat-derived sRNA sites 254,007 1,358,235 3.775 ± 0.018 4.253 ± 0.009
microRNA 338 669 8.550 ± 0.523 3.976 ± 0.366
sRNA sites of transcripts 269,945 875,875 2.320 ± 0.018 2.331 ± 0.063
Cis-nat siRNA sites of transcripts 3796 18,674 1.277 ± 0.304 3.044 ± 0.072
Trans-nat siRNA sites of transcripts 1612 33,330 1.491 ± 0.217 1.190 ± 0.057
Transcription start/end sites 28,496 40,147 1.541 ± 0.062 0.725 ± 0.055
t/r/sn/sno RNAs 849 1173 25.916 ± 0.412 15.460 ± 0.435
Exon–intron conjunctions 215,588 246,145 7.838 ± 0.021 6.707 ± 0.021
Random sites of transcripts 404,656 1,326,752 0.0177 ± 0.0150 0.035 ± 0.014
Random sites of genomes 250,000 600,000 0.0361 ± 0.0192 0.200 ± 0.0124
Table 2
GCF in different sRNA clusters.
sRNA clusters Total number of different clusters GCF ± SE (%)
A. thaliana Rice A. thaliana Rice
All sRNA clusters 18,788 138,490 10.711 ± 0.011 11.894 ± 0.004
sRNA sites (>100 bp) 32,359 388,382 10.280 ± 0.016 11.239 ± 0.005
All sRNA clusters in transcripts 12,279 44,473 9.979 ± 0.023 10.764 ± 0.007
sRNA sites (>100 bp) in transcirpts 26,505 89,142 10.220 ± 0.013 10.268 ± 0.008
TasiRNA cluster (P-score > 20) 14 765 8.117 ± 0.297 10.780 ± 0.055
TasiRNA cluster ﬂanking sequences 25 1530 10.063 ± 0.322 11.164 ± 0.031
30 sequences of miRNA target sites 3690 100 9.883 ± 0.028 10.576 ± 0.204
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quences with no small RNAs (interrupted region) in a sRNA cluster
was calculated. The GC content of the interrupted regions (A. thali-
ana: 0.33; rice: 0.40) in sRNA clusters is signiﬁcantly lower than
that of their ﬂanking regions generating overlapping sRNAs (A. tha-
liana: 0.40; rice: 0.48) (t-test, P < 2.2  1016). The relatively low
GC content in the interrupted region of sRNA cluster caused a high-
er GCF of sRNA clusters. Note that the GCF of a sequence (GCF⁄) is
the average of GC content difference between two neighboring 20-
bp sequence. The GCF⁄ of sRNA clusters (i.e. with interrupted se-
quences) is signiﬁcantly higher than that of sRNA sites (continuous
sRNA-generating region, i.e. with no interrupted sequences) larger
than 100 bp in length (t-test, P < 2.2  1016) (Table 2).
Our previous study on MITE-derived sRNAs in rice showed that
the MITE-derived small RNAs are not distributed evenly along
MITE sequences and may form sRNA clusters with interrupted re-
gions. MITE-derived sRNAs are mainly from the central parts of
some MITE families (such as OsP18), while predominantly from
the terminal parts for other families (such as OsT38), forming sRNA
clusters with interrupted regions [25]. No difference of sequence
secondary structure or copy number was observed between differ-
ent regions of these MITE families and they should not account for
the variation of sRNA distribution (data not shown). A striking
coincidence between the GC content and the number of distinct
sRNAs was found along the MITE sequences: MITE-derived sRNAs
are mainly generated from regions with high GC content, which
may occur in the terminal region of some MITE families while in
the central region of other MITE families. As expected, sharp
change of GC content is also observed at the borders of sRNA sites
in MITE sequences (Fig. 3).
3.3. TasiRNA sites have low GCF⁄
TasiRNA clusters are typical continuous sRNA-generating clus-
ters. As expect, the GCF⁄ of tasiRNA clusters is signiﬁcant lower
than that of all sRNA clusters (t-test, P < 2.2  1016). Intriguingly,
the GCF⁄ of tasiRNA clusters is also lower than that of othercontinuous sRNA-generating regions, indicating that the GCF might
be associated with tasiRNA expression (Table 2). To determine
whether GCF affect the expression of tasiRNAs, the GCF⁄ of tasiRNA
clusters were calculated and compared with their P-score using a
210 nt sliding window. P-score, describing the abundance and peri-
odicity of 21-nt phase of tasiRNAs, is an important parameter to
deﬁne a tasiRNA cluster [22]. The GCF⁄ is negatively correlated with
the P-score in both species (A. thaliana: r2 = 0.60; rice: r2 = 0.52;
P < 0.001) (Fig. 4). The GCF⁄ of sequences ﬂanking tasiRNA clusters
was also analyzed. The GCF⁄ of sequences upstream or downstream
of tasiRNA cluster is signiﬁcantly higher than that of tasiRNA clus-
ters (t-test, P < 0.01). Furthermore, the GCF⁄ of tasiRNAs clusters is
lower than that of sequences immediately downstream of target
sites of miRNAs that do not trigger tasiRNAs in A. thaliana, but such
variation was not found in rice (Table 2).
4. Discussion
In this study, we systematically examined the GC content and
GCF around different types of sRNA generating sites/clusters. High
GC content change at sRNA sites is observed when compared with
random genomic sequences or transcript sequences, indicating
that the signiﬁcant drop of GC content ﬂanking sRNA sites might
play important roles in the biogenesis of sRNAs. It was hypothe-
sized that the weak or ﬂexible base-pairing sequences of the
loop-distal region of miRNA precursors may be necessary for DCL
processing in plants [15]. This conclusion is consistent with the re-
sults in this study that the ﬂanking sequences of sRNA sites exhibit
low GC content. Our data suggest that DCL processing of other
types of sRNAs might also depend on relative weak base-pairing
of their ﬂanking sequences. sRNA abundance detected by sequenc-
ing is a function of multiple factors. Besides the biogenesis includ-
ing the formation of precursors, GC content in sRNAs may also
affect sRNA abundance via its effect on AGO loading and target
mediated degradation.
The GC content distribution along the sequences varies between
different types of small RNA clusters. The GC content of the
Fig. 4. GCF is negatively correlated with P-score. The scatter plot shows the
relationship between P-score and GCF in A. thaliana (empty diamonds) and rice
(black diamonds). Sequences of tasiRNA clusters have been grouped into 21 bins
according to their P-score. Diamonds represent the mean GCF of each bin and bars
represent SEs.
Fig. 3. The number of unique MITE-derived small RNAs coincides with their precursor GC content. (A) The small RNAs are mainly from the terminals of rice MITE family
OsP20, where GC content is much higher than its central region. (B) The small RNAs are mainly from the central part of rice MITE family OsP18, where GC content is much
higher than its terminals.
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of their ﬂanking regions that generate overlapping sRNAs. As typ-
ical interrupted sRNA clusters, MITE-derived sRNA clusters exhibit
sharp change of GC content. The biogenesis and the abundance of
MITE-derived sRNAs largely depend on the GC content rather than
the secondary structure of their precursors. dsRNAs formed byMITE transcript with higher GC content might be more stable
and consequently generate more sRNAs.
Small RNAs are regulated by a highly coordinated and complex
network. The transcriptional control and post-transcriptional con-
trol determine the stability and function of miRNAs (Ren and Yu,
2012; Voinnet, 2009). The generation of tasiRNAs depends on the
relative expression of miRNA and its target, the cleavage efﬁciency
and structure of miRNA, the location and sequence complementar-
ity of the miRNA target sites, etc. [26]. In this study, we report that
GC content and GC ﬂuctuation are also critical triggers of tasiRNA
biogenesis.
Previously, the GC content was used as one of the characteris-
tics to predict miRNAs [27,28]. In this study, we showed that the
GCF can be a signal for sRNA sites. Low GCF in downstream of a
miRNA target site might suggest tasiRNAs clusters. The use of GC
content and GCF on computational prediction of sRNA sites
(including tasiRNAs) remains to be tested. We hypothesize that
GC content and GCF might affect silencing efﬁciency: high GC con-
tent and low level of GCF of the inserts in silencing vectors (such as
RNAi and virus induced gene silencing, VIGS) might increase the
abundance of functional sRNAs and consequently increase silenc-
ing efﬁciency.
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